This study examined protein induction and accumulation during imbibition and germination of corn kernels, as well as antifungal activities of extracts from germinating kernels against Aspergillus flavus and Fusarium moniliforme. Genotypes studied included GT-MAS:gk and Mp420, which are resistant to A. flavus infection and aflatoxin accumulation, and Pioneer 3154 and Deltapine G-4666, which are susceptible to A. flavus infection and aflatoxin accumulation. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis resolved five protein bands that were present at higher concentrations in germinated kernels than in nongerminated kernels. Western blot analyses revealed that one of these proteins reacted with the 22-kDa zeamatin antiserum, and a zeamatin-like protein accumulated to a higher concentration in germinated kernels. Two protein bands from dry kernels that reacted with ribosome-inactivating protein (RIP) antiserum were identified as the 32-kDa proRIP-like form and an 18-kDa peptide of the two peptides that form active RIP. However, in germinated kernels, two protein bands that reacted with RIP antiserum were identified as two RIP-like peptides with a molecular mass of ≈18 and 9 kDa. Purified RIP and zeamatin from corn inhibited growth of A. flavus. Bioassays of germinated kernel extracts from all four genotypes exhibited antifungal activity against A. flavus and F. moniliforme, with extracts from the susceptible genotypes showing greater inhibition zones. This study provides evidence of protein induction in corn kernels during imbibition or the early stages of germination, and the induced proteins may be related to our previous findings of germination-associated resistance in the corn kernel, especially in the susceptible kernels.
Pre-and postharvest infection of corn (Zea mays L.) kernels by Aspergillus flavus Link:Fr. is a serious problem, because the fungus produces aflatoxins that are toxic and carcinogenic in animals and a particular human health concern (3). Efforts have been made during the past two decades to reduce grain contamination by aflatoxin. Host-plant resistance is considered the most effective method for reducing aflatoxin accumulation in grain (3), but resistant germ plasm is limited. Plants defend themselves successfully against microbial attack by mechanisms that are constitutive or induced in response to infection by microorganisms and environmental changes (6, 19) . In the corn-A. flavus pathosystem, factors that contribute to resistance in corn kernels to A. flavus and aflatoxin accumulation may include pericarp structure, such as thickness and surface wax (12, 13, 25) , and subpericarp components, such as preformed or induced proteins that inhibit fungal growth or aflatoxin production (8, 11) . Determining the biochemical and molecular basis of hostplant resistance to plant pathogens has drawn much attention in the pursuit of solutions to plant disease problems, using new biotechnology to improve host resistance (3, 7, 28) .
In many plant-pathogen interactions, inducible pathogenesis-related (PR) proteins, have been well documented (21) . In corn, PR proteins include hydrolases (chitinases and β-1,3-glucanases), which degrade structural polysaccharides of the fungal cell wall (14) ; ribosome-inactivating proteins (RIP), which modify and inactivate foreign ribosomes (1, 30) ; and zeamatin, which increases permeability of fungal cell membranes (24) .
In a previous study (11) , we found that the susceptibility of susceptible corn genotypes was reduced when kernels were incubated at 100% relative humidity (RH) for 3 days prior to infection with A. flavus, which resulted in a higher rate of germination and lower aflatoxin accumulation than kernels not subjected to preincubation. This germination-associated resistance phenomenon was found elsewhere (16) and may be related to the living embryo of kernels (2) . Preincubation under high RH may activate the embryo and induce defense mechanisms. Killing the embryo resulted in high aflatoxin accumulation in susceptible as well as in resistant genotypes (2) . Results from these studies may indicate that the viable embryo exerts a profound influence over kernel resistance and that metabolic processes, perhaps PR protein synthesis (4), induced during an early stage of germination may be an important defense mechanism against pathogens.
The objective of this study was to examine whether germination-associated resistance in corn kernels was related to the induction of proteins through (i) investigation of the influence of corn kernel germination on protein induction, (ii) determination of the expression of known antifungal proteins with available antibodies, and (iii) examination of the antifungal activity of protein extracts from germinating kernels. A preliminary report has been published (9). transfer buffer (48 mM Tris, pH 8.5, 39 mM glycine, 0.037% SDS [wt /vol], 20% methanol [vol/vol]) (17) at 100 mA for 1 h. Blots were blocked for 1 h at room temperature in TBST buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20 [vol/vol]) containing 5% (wt /vol) nonfat milk powder. All antibody reactions were carried out in TBS (no Tween 20)-milk buffer. The blots were incubated with primary antiserum diluted (1:5,000) in TBSmilk buffer for at least 1 h at room temperature and washed twice (15 min each) with TBST (no milk). The blots were incubated with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G secondary antibody (Bio-Rad) (1:3,000) in TBS-milk buffer for 1 h and were washed 3 times (5 min each) with TBST. Color development was performed with a Bio-Rad alkaline phosphatase kit according to the manufacturer's directions, using nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indoxylphosphate as substrates.
Antifungal activity assay. Purified RIP and zeamatin proteins from corn were tested for growth inhibition against A. flavus in microtiter plate assay. Each well contained purified protein of RIP at 0, 75, 150, and 300 µg/ml or zeamatin at 0, 12.5, 25, and 50 µg/ml at a final volume of 40 µl with 4 µl of potato dextrose broth (12 g/liter) and 6 µl of A. flavus conidia (10 6 /ml). All assays were conducted twice, and each had two replication wells. Sterilized Milli Q (Millipore) water was used as a control. The plates were incubated at 31°C for 12 h. Hyphal development was examined by light microscopy.
Concentrated protein extracts of all four genotypes were tested in vitro for fungal growth inhibition. Nutrient medium (5% V8 juice [vol/vol], 2% agar [wt /vol]) was autoclaved, cooled to 45°C, and inoculated with conidia of A. flavus or F. moniliforme to achieve a final concentration of 10 4 /ml. Aliquots (20 ml) of the warm inoculated medium were added quickly to 90-mm-diameter petri plates and allowed to solidify. The inoculated plates were incubated at 25°C overnight before placing 7-mm-diameter sterile paper disks on the medium surface. Concentrated protein extracts (20 µl) from each genotype were added to paper disks. Phosphate buffer (20 µl, pH 7) added to disks served as a control. Petri plates were incubated at 25°C for 2 to 3 days and examined for inhibition of fungus growth, as indicated by clear zones around the paper disks.
RESULTS
SDS-PAGE revealed five protein bands that were present in higher concentrations in germinating than in nongerminating kernels of corn genotypes GT-MAS:gk, Pioneer 3154, and Deltapine G-4666 (Fig. 1) . Of the five proteins, some were absent in nongerminated kernels but present in germinated kernels, and some were present in low concentrations in nongerminated kernels but increased to high concentrations in germinated kernels (Fig. 1, indicated by arrows). In the 22-kDa region, a doublet was observed (Fig. 1) in which both components were increased in germinated kernels. There were no obvious differences between germinated kernels of resistant and susceptible genotypes.
Western blot analysis of the concentrated protein extracts from germinated and nongerminated kernels of all four genotypes was performed with antizeamatin and anti-RIP antibodies to determine whether proteins induced by germination were the known antifungal proteins. Results indicated that a single band reacted with antisera of 22-kDa zeamatin (Fig. 2) . This protein was present at a high concentration in germinated kernels of all four genotypes, but its concentration was much lower in nongerminated kernels.
In western blot analysis with RIP antibody of nongerminated kernels (Fig. 3, lanes 1 through 4) , two protein bands reacted with RIP antibody in all four genotypes, of which the 32-kDa band probably was the proRIP form (inactive form) (1, 30) and the 18-kDa peptide probably was one of the two peptides reported to form the active RIP, which was faint in GT-MAS:gk (Fig. 3, lane 1) . However, germinated kernels of all four genotypes showed two protein bands (18 and 9 kDa) that reacted with RIP antisera (Fig. 3,  lanes 5 through 8) . (Fig. 3, lanes 5 through 8) .
Purified RIP and zeamatin proteins showed inhibitory activity against A. flavus growth at 75 and 50 µg/ml, respectively (Fig. 4) . The hyphae in treatments with purified antifungal protein were generally shorter than in the control. Antifungal activity assays showed that protein extracts from germinated kernels of all four genotypes inhibited A. flavus (Fig. 4A) and F. moniliforme (Fig.  4B ) growth in vitro, as indicated by clear zones surrounding treated disks (Fig. 5) . (Fig. 5,  m and t) . In contrast, the extracts from nongerminated kernels of the resistant genotypes (GT-MAS:gk and Mp420) caused larger inhibition zones than did the extracts from the susceptible genotypes (Pioneer 3154 and Deltapine G-4666) (Fig. 6) (10) .
DISCUSSION
In an earlier report (11), we showed that germinating corn kernels accumulated markedly less aflatoxin than did nongerminated kernels of the same genotypes. The current results demonstrate that germinating kernels contained at least five proteins that were induced or present at higher levels than in nongerminating kernels. Immunological analysis revealed that three of these proteins were zeamatin-and RIP-like. Antifungal bioassays showed that the purified RIP and zeamatin inhibited A. flavus hyphal growth. Furthermore, protein extracts of germinated kernels from all four tested corn genotypes had stronger antifungal activities against A. flavus and F. moniliforme than did extracts of nongerminated kernels. These results suggest that germination, which resulted in increased resistance to aflatoxin production (11), may be related to the induction of antifungal proteins. The phenomenon of germinationbased resistance in corn kernels has been reported elsewhere (16) . Keller et al. (16) found that A. flavus, A. nidulans, and A. parasiticus grew poorly on embryo tissues from germinating corn kernels. The resistance to Aspergillus infection and concomitant toxin production of germinating corn embryos suggested the generation of antifungal compound(s) in germinating corn (16) .
The biochemical basis of germination-associated resistance (2, 11, 16, 20) is largely unknown. Our results yielded some insight into germination-associated resistance, namely that it may be due to the induction of antifungal proteins and, perhaps, other proteins. These proteins may act synergistically to provide greater protection from pathogens than any one could provide by itself (5). RIPand zeamatin-like protein induction, in this study, increased to a high concentration during germination of kernels. ProRIP-like protein was the primary form in dry kernels, and the proRIP-like protein converted into the likely active forms with smaller molecular weights, as reported (1, 30) in both resistant and susceptible genotypes. Roberts and Selitrennikoff (24) reported that zeamatin may exert its antifungal activity by a membrane permeabilization mechanism. High zeamatin concentrations permeabilize fungal membranes, causing cell death, whereas lower concentrations do not cause death directly but may interact with the membrane to facilitate penetration of other compounds (29) , resulting in synergistic killing. If this model is correct, then the increased levels of active forms of both RIP and zeamatin in germinating kernel extracts from all four genotypes would be expected to support the increased antifungal activities noted in this study and the increased resistance of germinating kernels in an earlier report (11) .
It has been reported that in corn a RIP is synthesized specifically in kernels as an inactive 32-kDa zymogen (proRIP), which is activated by proteolysis during germination, resulting in two active forms of RIP of 16.5 and 8.5 kDa (1, 30) . However, SDS-PAGE and Western blot analyses in our studies resolved the protein into two polypeptides with molecular masses of ≈18 and 9 kDa. The disparity in reported molecular masses is probably not significant and may result in inconsistent results due to use of different SDS-PAGE gels (glycine or tricine).
Because we found nearly an equal quantity of RIP in both resistant and susceptible genotypes, this protein by itself may not explain field resistance to A. flavus. Other proteins may act synergistically with RIP, which may explain observed differences. Alternatively, the cellular distribution of RIP may be greater in specific tissues in resistant kernels, whereas the concentrations in whole kernels may be not different in the two genotypes. In vivo, RIP may be produced or compartmentalized with other antifungal proteins, such as chitinase, glucanase, and zeamatin (5, 14, 24) , to facilitate defense. Barley RIP confers protection of transgenic tobacco plants against Rhizoctonia solani (15, 22) , and tobacco lines that coexpress barley chitinase and RIP show enhanced protection (15) .
Our aims are to understand the biochemical mechanisms and molecular basis that regulate induced resistance in corn to facilitate the development of host resistance to aflatoxin contamination. The results reported here indicate that other antifungal proteins may exist that may afford corn resistance to mycotoxin production through modification of corn genotypes supporting lower toxin production. The specific function or role of each protein induced or preformed in corn kernels remains to be determined. One approach, using biotechnology to gain more insight into the molecular characterization and regulation of expression of these proteins, is to study the phenotypic changes in transgenic plants that overexpress the proteins. To this end, expression vectors could be constructed to express these proteins singly or in different combinations under the control of selected plant promoters. Experiments with developed transgenic plants should increase our understanding of the function of these proteins in corn kernels when evaluating for desired resistance to infection by Aspergillus or Fusarium and mycotoxin accumulation.
